PROCESS FOR PRODUCING COMPOUND SEMICONDUCTOR SINGLE CRYSTAL 



BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a process for producing 
a compound semiconductor single crystal. Further, the present 
invention relates to a useful technique which is adapted to, 
for example, the vertical gradient freezing method and the 
vertical Bridgman method in which a single crystal is grown in 
a vertical direction by cooling a raw material melt of a compound 
semiconductor . 

Description of the Related Art 

In general, when a compound semiconductor single crystal 
is produced, the liquid encapsulated Czochralski method 
(hereinafter, referred to as "LEC method"), or the horizontal 
Bridgman method (hereinafter, referred to as "HB method") is 
industrially used. In the LEC method, there are some merits, 
for example, that a wafer having a cross section formed in a 
circle and a large diameter can be obtained, and that a crystal 
having a high purity can be obtained by using a liquid 
encapsulant (B 2 0 3 ) . However, there are some demerits, for 
example, that because a temperature gradient in the crystal 
growth direction is high, a dislocation density in the crystal 
becomes high. As a result, electric properties of an electronic 



device, such as an FET (field effect transistor) or the like, 
which is made from the obtained crystal, deteriorate. 

On the other hand, in the HB method, there is a merit that 
because a temperature gradient in the crystal growth direction 
is low, a crystal having a low dislocation density can be 
obtained. However, there are some demerits, for example, that 
because a raw material melt of a compound semiconductor is 
solidified in a crucible formed in a boat -shape, it is hard to 
enlarge the diameter of the obtained wafer. Further, the 
obtained wafer has a cross section formed in a substantial 
D- shape . 

As a crystal growth method having the merits of the LEC 
method and those of the HB method, the vertical gradient 
freezing method (hereinafter, referred to as " VGF method") and 
the vertical Bridgman method (hereinafter, referred to as "VB 
method") have been proposed. The VGF method and the VB method 
are carried out as follows . A crucible containing a compound 
semiconductor raw material is disposed in a vertical type of 
heating furnace. After the raw material is heated and molten 
by a heater, the raw material melt is gradually solidified in 
the vertical direction from a seed crystal portion disposed on 
the bottom portion of the crucible to grow a single crystal. 
In these methods, because a cylindrical crucible is used, a 
circular wafer can be obtained. Further, because a temperature 
gradient in the crystal growth direction is low, a crystal 
having a low dislocation density can be obtained. 



The liquid encapsulated Kyropoulos method (hereinafter, 
referred to as "LEK method") in which a seed crystal disposed 
in an upper portion of a crucible containing a raw material is 
in contact with a surface of the raw material melt and then a 
single crystal is grown in the crucible by gradually solidifying 
the melt from the surface thereof, have a merit that a circular 
wafer can be obtained and that a crystal having a low dislocation 
density can be easily obtained, like the VGF method and the VB 
method. 

However, a crystal grown in the VGF method, the VB method 
or the LEK method, has a demerit that a twin or a polycrystal 
is easily generated from a seed crystal to a body part of the 
crystal. Further, the yield of the single crystal is low. In 
particular, because a twin or a polycrystal is easily generated 
in a material having a low stacking fault energy or a low critical 
shear stress , it is hard to grow a single crystal of the material . 

Further, in the VGF method or the VB method, because a 
crystal is grown by disposing a seed crystal on the bottom 
portion of the crucible, it is necessary to use the crucible 
having a containing portion for a seed crystal on the bottom 
thereof. However, such a crucible has a demerit that because 
the crucible has a special shape, it is more expensive than a 
crucible having a flat bottom, which is generally used. Further, 
the seed crystal containing portion of the crucible is easily 
damaged. Therefore, the producing cost of the crystal 
increases . 



The inventors have studied a process for growing a crystal 
on the basis of a nucleus generated by adjusting a temperature 
of a raw material melt and a pressure thereof without a seed 
crystal in the VGF method, the VB method or the LEK method. The 
process was an effective one for growing a group II -VI compound 
semiconductor single crystal in which a twin or a polycrystal 
was easily generated from a seed crystal to a body part of the 
crystal. Further, in the process, because a crucible having 
a flat bottom might be used, the used crucible was relatively 
cheap and was not easily damaged. Further, because it was not 
necessary that a seed crystal was used, the cost of the seed 
crystal was not required. The process had the advantage of 
reducing the producing cost of the crystal. 

In the process for crystallizing a raw material melt 
without a seed crystal as described above, it is necessary that 
a nucleus is reproducibly generated in a raw material melt . 
However, when the raw material melt is gently and slowly cooled 
in a state that a seed of the crystal does not exist in the raw 
material melt, there is some possibility that a supercooling 
state in which the melt is not transited to solid even though 
the temperature of the melt is not higher than the melting point 
thereof, is caused. In this case, a plurality of nuclei are 
generated when the temperature of the melt is several tens °C 
lower than the melting point thereof. Because the melt is 
rapidly solidified on the basis of the nuclei, a polycrystal 
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or a twin is grown. As a result, a single crystal is not grown. 

As described above, in the process for growing a crystal 
without a seed crystal, the possibility that the supercooling 
state is caused becomes high according to a material of a crystal 
to be grown and a growing condition. As a result, there is a 
problem that the percentage of growing the single crystal is 
low. 



AtTOTrrd^ngto the report (T^~^u^ol^h~^t^aX^ Journal o£^ 
Crystal Growth, Vol. 161, (1996) pp20-27), when a deviation 
between a temperature at which a supercool^dr^Liquid is 
solidified and the melting point of th^supercooled liquid is 
defined as a degree of supercoplring, the degree of supercooling 
is correlated with a holding temperature of the melt. In the 
concrete, it is^^ported that the degree of supercooling becomes 
low when^-a difference between a temperature at which the raw 
material is held in a melt state and the melting point of the 




ferial is^s fflall . — ^ 
The inventors noticed the study described in the above 
report and studied the relationship between the holding 
temperature of the melt and the occurrence of the supercooling 
state by using a compound ZnTe . As a result , the inventors found 
that the melt was not in the supercooling state and the melt 
begun to be solidified near the melting point thereof by holding 
the melt in the temperature range of the melting point to (the 
melting point + 8) °C. 

According to this finding, when a crystal is grown by 
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gradually cooling the raw material melt after the raw material 
melt is held in the above temperature range, the supercooling 
state is not caused. Therefore, a single crystal ought to be 
obtained. However, although the crystal growth was carried out 
by the above process ten and several times, the possibility that 
a single crystal could not be obtained was about 50%. A single 
crystal could not be reproducibly grown only by adjusting the 
condition of the holding temperature of the melt. 

The inventors studied the cause that the single crystal 
could not be obtained. As a result, the inventors found that 
the crystal which was obtained by generating a plurality of 
nuclei on the surface of the melt and then growing a ZnTe crystal 
around each nucleus, was a polycrystal. Further, a part of raw 
material kept unmolten when the holding temperature of the melt 
was near the melting point. It was found that the ZnTe 
polycrystal was grown on the surface of the melt by the unmolten 
material. 

In order not to leave the unmolten material on the surface 
of the melt, the inventors studied the holding time of the melt 
and the holding temperature thereof. However, although the 
holding time of the melt was extended, the effect that the 
unmolten material was not left could not be obtained remarkably. 
When the holding temperature of the melt increased, the 
possibility that the supercooling state was caused became high. 
As a result, a polycrystal or a twin was generated. Therefore, 
these solutions could not be effective. 



SUMMARY OF THE INVENTION 



The solution of the above -described problems is proposed 
by the present invention. An object of the present invention 
is to provide a process for producing a compound semiconductor 
single crystal, which is a crystal growth method for gradually 
solidifying a melt in a vertical direction from the surface of 
the melt without a seed crystal and in which a single crystal 
containing no a polycrystal or a twin can be produced at a good 
yield. 

In order to achieve the above -described object, in 
accordance with one aspect of the present invention, a process 
for producing compound semiconductor single crystal, comprises 
the steps of : 

putting a compound semiconductor raw material into a 
crucible , 

setting the crucible in a vertical type of heating furnace 
to heat and melt the raw material by a heater, 

promoting a nucleation on a surface of a raw material melt 
by leaving a solid raw material in a part of the raw material 
melt , 

solidifying the raw material melt gradually from the 
surface of the raw material melt without a seed crystal, and 
growing a crystal by using a nucleus generated by the 



nucleation . 

According to the process, when the melt is cooled, the 
nucleus can be generated on the surface of the melt before the 
melt is in the supercooling state. Therefore, it can be 
prevented that a large number of nuclei are generated on the 
surface of the melt by the supercooling and that a polycrystal 
or a twin is generated. As a result, a high quality single 
crystal can be produced reproducibly . 

Hereinafter, the consideration for accomplishing the 
present invention by the inventors and the research therefor 
will be summarized. 

At first, because the supercooling is a phenomenon in 
which even though the temperature of the melt is lower than the 
melting point thereof, a nucleus is not generated in the melt 
and the melt does not begin to be solidified, the inventors 
thought that the melt could be prevented from being in the 
supercooling state by supplying a nucleus for the melt (or by 
promoting the nucleation) in a certain method. Further, it was 
found that a seed crystal used in an original crystal growth 
made a crystal be grown in the same orientation as the crystal 
orientation of the seed crystal and prevented the melt from 
being in the supercooling state. 

However, in a group II -VI compound semiconductor single 
crystal having a low stacking fault energy or a low critical 
shear stress, because a polycrystal or a twin is easily 
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generated by a stress from a seed attaching portion when a seed 
crystal is used, it is not preferable to use a seed crystal. 
The inventors studied about the process for growing a crystal 
without a seed crystal. As a result, it was found that the 
nucleation could be promoted on the surface of the melt by 
leaving a part of the raw material in a solid state in the raw 
material melt (at the bottom of the crucible). On the basis 
of this, the following process for growing a single crystal was 
proposed . A raw material of a compound semiconductor was molten 
so as to leave a part of the raw material of the compound 
semiconductor in a solid state. After the raw material was 
molten by holding a temperature distribution thereof to cause 
the surface of the raw material melt to be in a liquid state 
completely for a certain time, the melt was solidified from the 
surface of the melt while gradually cooling the melt . According 
to the process, although the surface of the raw material melt 
is sufficiently molten by increasing the temperature of the 
surface of the melt not less than 15 °C to prevent a polycrystal 
from being grown by an unmolten material on the surface of the 
melt, a nucleus is easily generated in a step of cooling the 
melt . Therefore, the supercooling is not caused like an earlier 
development. Further, because a seed crystal is not used, a 
polycrystal or a twin to be generated by a stress from a seed 
attaching portion is not generated. It is possible to 
reproducibly obtain a single crystal. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will become more fully understood 
from the detailed description given hereinbelow and the 
accompanying drawings which are given by way of illustration 
only, and thus are not intended as a definition of the limits 
of the present invention, and wherein; 

FIG. 1A is a schematic explanation view showing the inside 
of a crucible having a flat bottom and a temperature 
distribution thereof and FIG. IB is a schematic explanation view 
showing the inside of a crucible having a containing portion 
and a temperature distribution thereof; and 

FIG. 2 is a schematic view of a crystal growth furnace 
which is used when the present invention is applied to the VGF 
method. 



PREFERRED EMBODIMENT OF THE INVENTION 

Hereinafter, a preferred embodiment of the present 
invention will be explained with reference to the drawings . 

In the embodiment, the present invention will be 
explained by exemplifying a compound ZnTe which is one of the 
group I I -VI compound semiconductor single crystals. 



FIGS- 1A and IB are schematic explanation views showing 
a raw material of the compound semiconductor in a container for 
crystal growth (a crucible made of pBN) , which is set in a crystal 
growth apparatus, and a temperature distribution thereof 
according to the embodiment. FIG. 1A shows the case in which 
a crystal is grown by using a crucible having a flat bottom. 
FIG. IB the case in which a crystal is grown by using a crucible 
having a containing portion for leaving the raw material in a 
solid state. 

In the drawings, the reference numeral 1 denotes a 
crucible made of pBN. The reference numeral 2 denotes an 
encapsulant (B 2 0 3 ) . The reference numeral 3 denotes a raw 
material melt . The reference numeral 4 denotes a solid raw 
material . 

The case in which a crystal is grown by using a crucible 
having a flat bottom shown in FIG. 1A will be explained. The 
components Zn and Te are put into a crucible having a cylindrical 
shape with a bottom in the equivalent molar ratio. Further, 
the encapsulant (B 2 0 3 ) is put into the crucible. The crucible 
is set in a high pressure furnace. After the furnace is filled 
with an inert gas at a predetermined pressure, the crucible is 
heated by a heater having an inner diameter which is not less 
than 1.5 times larger than the inner diameter of the crucible. 
While pressing the surface of the raw material by using the 
encapsulant, the compound ZnTe is formed by directly synthesis 
of the components Zn and Te. 



The temperature in the furnace is controlled as shown in 
the temperature distribution of FIG. 1A. The raw material is 
molten so as to leave a part of the raw material in a solid state. 
For example, when the temperature distribution is controlled 
so that the temperature of the surface of the raw material melt 
(reference A in FIG. 1A) is 10 °C higher than the melting point 
of the raw material melt, the temperature of the central portion 
of the crucible (reference B in FIG. 1A) is 13 °C higher than 
the melting point of the melt and the temperature of the bottom 
portion of the crucible (reference C in FIG. 1A) is 5 °C lower 
than the melting point of the melt, it is possible that only 
a part of the raw material is left in a solid state on the bottom 
portion of the crucible. 

After the above temperature distribution is kept for a 
certain time, the temperature of the crucible is controlled so 
that the temperature of the surface of the melt is lower than 
the melting point of the raw material while keeping the 
temperature gradient of the raw material melt less than 10 °C/cm 
( < 10 °C/cm) . Then, the entire temperature decreases gradually. 
The melt is crystallized from the surface thereof. 

Thereby, it is possible to reproducibly produce a high 
quality compound semiconductor single crystal in which a 
polycrystal or a twin is not generated. 

Similarly, when the crucible shown in FIG. IB is used, 
it is also possible to reproducibly produce a high quality 
compound semiconductor single crystal in which a polycrystal 
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or a twin is not generated. 

Although it is described that the present invention is 
applied to the VGF method in which the ZnTe single crystal is 
grown in the embodiment, the present invention can be applied 
to the VB method. Further, needless to say, the present 
invention can be applied to the growth of other compound 
semiconductor single crystals, such as a group II-VI, a group 
III-V compound semiconductor or the like. 

5 3 I 

^ Example : 

!U Hereinafter, the features of the present invention will 

~ be clarified by showing a concrete example according to the 

™ embodiment . 

FIG. 2 is a schematic view showing a crystal growth 
furnace in the example, which is used when the present invention 
is applied to the VGF method. In the drawing, the reference 
numeral 6 denotes a high pressure container constructing the 
crystal growth furnace. The high pressure container 6 
comprises an inlet (not shown in the drawing) for introducing 
a gas through a gas line. The reference numeral 7 denotes a 
heat insulator made of graphite felt, which is provided on an 
inner wall of the high pressure container 6 . The heat insulator 
7 has an excellent heat insulating property and is effective 
for increasing the thermal efficiency in the high pressure 
container 6 . The reference numerals 8 and 9 denote an upper 
stage heater and a lower stage heater, respectively. Each 
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heater is provided in the high pressure container 6 and has an 
inner diameter of 106 mm. When the upper stage heater 8 is a 
multi-stage heater formed so as to stack a plurality of heaters, 
the temperature distribution of the raw material melt which is 
put into the container for crystal growth can be precisely 
controlled. The reference numeral 1 denotes a crucible made 
of pBN as a container for crystal growth. The crucible 1 has 
an inner diameter of 70 mm, a thickness of 1 mm, and a flat bottom. 
The reference numeral 5 denotes a cover of the crucible 1 . A 
vent (not shown in the drawing) is provided on the cover 5 in 
order to make the pressure in the crucible 1 equal to the pressure 
in the high pressure container 6. The reference numeral 10 
denotes a supporter for setting the crucible 1 in the high 
pressure container 6. 

As a raw material, 406g of the component Zn having a purity 
of 99.9999% and 707g of the component Te which were in the 
equivalent molar ratio, were put into the crucible 1. The 
components were covered with 88g of the encapsulant (B 2 0 3 ) . The 
crucible 1 was set in the high pressure container 6 . The 
pressure in the high pressure container 6 was adjusted to 30 
kg/cm 2 by filling the furnace with an inert gas N 2 . While 
pressing the surface of the raw material by the encapsulant 2, 
the crucible 1 was heated by the upper stage heater 8. The 
compound ZnTe was synthesized by directly compounding the 
components Zn and Te. 



Next, while the pressure in the furnace was reduced to 
10-20 kg/ cm 2 , the temperature in the furnace was controlled so 
that the temperature of the surface of the melt was 1310 °C 
(melting point of ZnTe: 1296 °C) and that a solid raw material 
was left on the bottom portion of the crucible. Then, the raw 
material was molten. The temperature was kept for 10 hours. 
In the concrete, the temperature was controlled so that the 
temperature of the point A was 1305 °C, that of the point B was 
1308 °C and that of the point C was 1290 °C in the temperature 
distribution shown in FIG. 1A. 

Then, while keeping the temperature gradient of the raw 
material melt less than 10 °C/cm (< 10 °C/cm) , the temperature 
was controlled so that the temperature of the surface of the 
melt decreased. The entire temperature decreased gradually. 
The melt was crystallized from the surface thereof at a constant 
growth rate of 1 mm/h. 

The entire furnace was cooled at a cooling rate of 100 
°C/h. When the furnace was cooled to a room temperature, the 
grown crystal was taken out of the heating furnace. 

The obtained crystal was a ZnTe single crystal having a 
diameter of 70 mm and a total length of 50 mm. The 
characteristics of the obtained crystal were observed. As a 
result, a twin or a polycrystal was hardly found. The 
dislocation density of the obtained single crystal was examined 
by cutting the crystal. As a result, the dislocation density 
in every area of the crystal was not more than 10000 cm" 2 . 
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Further, the crystal growth was carried out four times similarly. 
As a result , all of the obtained crystals hardly had a 
polycrystal or a twin. 

The present invention is not limited to the above example. 
For example, although the production of the ZnTe single crystal 
is explained in the above example, the present invention is 
effective for the cases that not only the compound semiconductor 
ZnTe but also compound semiconductors in which a twin is easily 
generated and in which it is hard to grow a single crystal, such 
as CdTe or the like, are produced in the VGF method or the VB 
method . 

According to the present invention, because a compound 
semiconductor raw material is put into a crucible, the crucible 
is set in a vertical type of heating furnace to heat and melt 
the raw material by a heater, a nucleation is promoted on a 
surface of a raw material melt by leaving a solid raw material 
in a part of the raw material melt, the raw material melt is 
gradually solidified from the surface of the raw material melt 
without a seed crystal, and a crystal is grown by using a nucleus 
generated by the nucleation, it is possible to prevent a 
polycrystal to be generated by the supercooling from being grown . 
Further, it is possible to reproducibly produce a high quality 
compound semiconductor single crystal. 

The entire disclosure of Japanese Patent Application No. 



Tokugan 2000-1675 filed on January 7, 2000 including 
specification, claims drawings and summary are incorporated 
herein by reference in its entirety. 



